[Fe/H] -φ 31 -log P relations are found for c-type RR Lyrae stars in globular clusters. The relations are analogous to that found by Jucsik & Kovács (1996) for field abtype RR Lyrae stars, where a larger period correlates with lower metallicity values for similar values of the Fourier coefficient φ 31 . The relations obtained here are used to determine the metallicity of field c-type RR Lyrae stars, those within ω Cen, the LMC and toward the galactic bulge. The results are found to compare favorably to metallicity values obtained elsewhere.
INTRODUCTION
For nearly one hundred years, Fourier functions have been used to determine the pulsation period, P , of regular variables. Typically the light variation over time is fit to a relation of the form
Ai cos(iωt + φi)
where the terms Ai and φi are the Fourier coefficients of the fit of degree n, and ω = 2π/P . Generally the values of Ai and φi were ignored when this function was used to determine the value of P . Simon & Lee (1981) showed that these terms when combined in the following manner -Rij = Ai/Aj and φij = φi − iφj, could provide more information about pulsating variables than at first thought. Currently, the coefficients derived from the light curves of Cepheids and RR Lyrae have been used to provide information about pulsation modes and resonance effects, as well as physical characteristics of the stars such as mass, luminosity, and metallicity. Jurcsik & Kovács (1996, hereafter JK) surveyed field ab-type RR Lyrae (RRab) and derived a relationship between P , φ31 and [Fe/H] for RRab variables which has been used in a variety of applications, in particular to determine the metallicity of stars found in large scale surveys (Morgan et al. 1998, hereafter MSB98) , in globular clusters (Cacciari et al. 2005) and in other galaxies (Marconi & Clementini 2005; Gratton et al. 2004) . Sandage (2004) describes this relationship as an aspect of the Oosterhoff-Arp-Preston period-metallicity effect, in which ⋆ E-mail: siobahn.morgan@uni.edu the apparent shift of the value of P or φ31 is dependent upon the influence metallicity has on horizontal branch morphology. Kovács & Walker (2001) expanded upon the work of JK by investigating possible relationships between the physical parameters of RRab stars and other Fourier coefficients. They found several trends in the value of photometric colours and magnitudes with the coefficients.
The utilization of the Fourier coefficients of the c-type RR Lyrae variables (RRc) has not been as extensive as that of the RRab stars. Simon (1989) used hydrodynamic models of RRc stars to show relationships exist between the values of Y , luminosity, mass, P and φ31. In particular, he found that φ31 is directly related to the luminosity-mass ratio, L/M 1.81 , for these stars. Simon (1990) showed that the distribution of φ31 with period would vary according to Oosterhoff group, with Oosterhoff I cluster stars having larger values of φ31 for a given value of P than stars from Oosterhoff II clusters. Clement et al. (1992) found strong evidence for the trend of φ31 increasing with period in their observations of several globular clusters, and also noted the trend for lower metallicity clusters to have their φ31 values shifted to longer periods than the higher metallicity clusters on a φ31-P diagram. This result was also observed in the RRc variables in M68 by Clement et al. (1993) . The general nature of this aspect of the variation of φ31 with metallicity has previously been used to estimate the metallicity of RRc stars in the OGLE surveys of the galactic bulge (MSB98) and toward 47 Tuc (Morgan & Dickerson 2000) , however these results were at best only general approximations for the value of [Fe/H].
The lack of a metallicity relationship for the RRc stars analogous to that derived by JK is likely due to the scarcity of accurate metallicity and light curve data for field RRc variables. Generally metallicities for field RRc stars are esti-mated using ∆S values, with only a few metallicities derived from high resolution spectroscopy. In several cases, the ∆S values obtained for a single RRc star are seen to vary significantly, making the accuracy of the metallicity for such stars suspect.
Fortunately, there is an abundance of data for globular cluster RRc variables, including values for cluster metallicity and a significant number of Fourier coefficients. We will use these data to derive relationships for RRc stars relating the Fourier coefficient φ31, pulsation period and [Fe/H]. The resulting relations will also be applied to several test cases, including field RRc stars, as well as variables in ω Cen, the Large Magellanic Cloud and toward the galactic bulge.
METHOD
The Fourier coefficients for globular cluster RRc variables were obtained from the Fourier coefficient website (Morgan 2003) as well as from some very recent publications. The data sources for the clusters are listed in Table 1 . In order to avoid possible errors with conversion from one photometric system to another, only Fourier coefficients derived from V magnitudes were considered. Where ever possible the light curve data for the individual stars were examined and Fourier fits that were based upon sparsely sampled light curves or with poorly defined maxima/minima were excluded. The number of stars from each cluster ultimately used in the study are included in Table 1 as well. The metallicity value used for each cluster was taken from Harris (1996) . This source was selected due to its coverage of all of the clusters in our study and its consistency with other studies. Typically there are slight differences in the values for [Fe/H] from Harris (1996) when compared to other metallicity scales such as Carretta & Gratton (1997) and Zinn & West (1984) .
Overtone pulsators like RRc stars generally have a lower order fit (low value of n in equation 1) used for the light curve, which limits the number of Fourier coefficients available. As was outlined in the introduction and shown in MSB98 and Morgan & Dickerson (2000) , the coefficient that appears to depend strongest upon the metallicity value is the φ31 term. Our study concentrated exclusively on this coefficient. The φ31 values for all of the stars in our sample are plotted relative to log P in Figure 1 , with the coding in the diagram based upon the [Fe/H] values from Table 1 .
The relation of JK is linear between [Fe/H] -P -φ31, while that found by Sandage (2004) uses log P rather than P with virtually the same degree of accuracy as the JK relation. We found the use of a log P term to be better, since it has a nearly linear relationship with φ31. Initial attempts to fit a linear relationship between [Fe/H], φ31 and log P , similar to that of JK or Sandage (2004) to the data consistently resulted in residuals that showed an additional dependence upon [Fe/H] . This indicated that any relation between these three variables appears to be non-linear, possibly with respect to [Fe/H] . The relation between φ31 and log P appears to be nearly linear which led us to investigate the nature of the [Fe/H] dependence. It is possible to see this dependence by shifting the coefficients for all of the clusters onto a common curve in the φ31-log P space. This was done and the resulting distribution is shown in Figure 2 with the amount of shift in log P versus metallicity shown in Figure 3 . A linear fit to the data in Figure 3 results in a standard deviation of σ = 0.208, while a quadratic fit (as is shown) has a standard deviation of σ = 0.183. The curvature in the data from Figure 3 again indicates the non-linear relation between the values of φ31, log P and metallicity. In order to determine the best relationship between the three variables, all possible permutations were made between them with functions of the form 
and
tested for accuracy and quality of fit to the data. In testing the various relationships all possible combinations of zero and non-zero values for the coefficients a − f , a ′ − f ′ , and a ′′ − f ′′ were examined, with a minimum of three non-zero values possible. A summary of the resulting fits to the various formulae are shown in Table 2 . Since the formulae were being solved for different parameters that range from small fractions to values as large as 2π, the standard errors for a given equation should not be compared to those for another equation. Typically the best solutions to equations 2 -4 were those that contained four or five terms.
As was previously mentioned, there is a slight dependence upon [Fe/H] that can be seen in the residuals for equation 2. Another trend that was observed were the consistently large errors in the calculated [Fe/H] values of the two most metal rich clusters, NGC 6388 and NGC 6441. This was true for not only the solutions for equation 2 but also equations 3 and 4. A similar trend was noted by Sandage (2004) when using the RRab Fourier coefficients from these clusters to determine values for [Fe/H] . He attributed the deviation from the φ31-log P -[Fe/H] relation for RRab stars to abnormal evolutionary effects, which also produce unusually extended and overluminous horizontal branches. The resulting standard errors for the solutions for equations 2 -4, when these clusters are excluded are also given in Table 2 . The improvement in the errors is significant, even though the number of stars used in the fits decreased slightly from 128 to 113. In the case of the solutions for equations 3 and 4, good fits to the data were found for several forms of these equations, usual with 4 or 5 terms. In these cases formulae which included a [Fe/H] 2 term were generally among the best fits.
The most useful formula that could be derived from these results would be one that provides information based upon observables, in other words, a relationship that pro- Any of the six formulae presented above could be used to estimate metallicity, though there are a few points that should be considered before they are applied. The first aspect is simplicity. Equations 5 and 8 are clearly the least complex and would be the easiest to apply to any set of stars. There is the problem of the slight dependence of the residuals on [Fe/H] , though this appears to only be significant at the extremes of the metallicity range where the residuals are on average less than 0.2. While the residuals for equations 6 and 9 are quite small and show no systematic trends, neither relation is defined universally in the parameter space due to the radical in the formula, particularly for the most metal rich stars. In general equations 7 and 10 were the least reliable when compared to the other formula and the Harris (1996) values. Though equation 8 is slightly simpler than equation 5, the tendency for poor fits at the higher metallicity end of the sample lead us to have the most confidence in equation 5 as the best relation to use for estimating the metallicity of RRc stars. We will use this formula in the discussion that follows, though it should be stressed that similar results could be obtained using any of the other formulae. Lines of constant values of [Fe/H] based upon equation 5 are shown in Figure 4 , along with the original data from Figure 1 .
TEST OF THE [FE/H] RELATION
Equation 5 was applied to several cases to test its reliability for estimating [Fe/H] ω Cen was the next test case examined. Data from the variables in this cluster were collected from the Fourier coefficient website (Morgan 2003) and an initial data set was selected based upon the method of observation, where recent, CCD based coefficients were favored over photographic observations. These included Fourier coefficients from Morgan & Dickerson (2000) , and Olech et al. (2003) . As with the globular cluster variables used to derive equation 5, the RRc stars in ω Cen were examined and poor quality fits or sparse light curves were excluded. This reduced the number of variables to 54, and equation 5 was applied to these stars. The resulting distribution of metallicity is shown in Figure 6 . The relatively wide spread in metallicity is not surprising given the broad range of metallicity observed in ω Cen (Hilker et al. 2004) . Values that we calculated for [Fe/H] range from −1.83 to −1.32, with a mean of −1.59 ± 0.14. The largest concentration of values is near −1.64, which is within the range of the dominant metallicity population of ω Cen. Alcock et al. (2004) provided V -band Fourier coefficients for 682 RRc in the Large Magellanic Cloud. Equation 5 was applied to all of these stars and an average [Fe/H] = −1.51 ± 0.41 was found. There were significant deviations from this value, with some positive metallicity values calculated. When stars with large errors (> 0.5) in their values of φ31 were removed from the sample, the resulting average metallicity changes slightly, to −1.56 ± 0.30, with a range of values between −0.47 and −2.65. The average [Fe/H] value is very similar to that of Gratton et al. (2004) , who found a value of −1.48 for 101 RR Lyrae, and also very similar to other values for the metallicity of LMC RR Lyrae (Borissova et al. 2001; Marconi & Clementini 2005) .
The Fourier coefficients for 60 RRc stars observed in the direction of the galactic bulge were derived by MSB98. These values were obtained from I-band photometry, and were transformed to the V -band using the relations from MSB98. The average metallicity obtained using equation 5 is −1.13 ± 0.42. There are several notable outliers in the sample though, several of which have been previous noted by MSB98. These include BW9 V38, and BW11 V55, both of which have abnormally high values of [Fe/H] , and BW1 V11, BW2 V8, BW2 V10, BW7 V30 and BW11 V34, all with value of [Fe/H] < −1.75. When these 7 stars are excluded, the average value of [Fe/H] = −1.09 ± 0.30 is obtained. This compares favorably to the value obtained by Smolec (2005) for RRab stars in the galactic bulge ([Fe/H] = −1.04±0.03).
CONCLUSIONS
Several relationships between the Fourier coefficient φ31, log P and [Fe/H] were derived for RRc stars in 17 globular clusters. The "best" relationship (equation 5) was able to provide reliable estimates for the value of [Fe/H] for RRc stars in other environments, including ω Cen, the LMC, the galactic bulge and field RRc stars. Even though these results are encouraging, we do realize that the metallicity relations found here will no doubt evolve as more high quality light curves for RRc stars are made available. In particular, values of φ31 and [Fe/H] for RRc stars in clusters with very high or very low metallicities would be useful to refine and improve the formulae derived here. At the present time however, it is hoped that the formulae presented here will be of use to others investigating the characteristics of RR Lyrae variables.
